Palaeomagnetic records of the Brunhes/Matuyama geomagnetic polarity transition were obtained from deep-sea sediments of ODP Leg 124 in the Celebes and Sulu seas. Advanced piston core (APC) samples with high magnetization intensities (2-200 mA m−1) and high sedimentation rates (8.4-10 cm kyr−1) were recovered from this cruise. Rock-magnetic measurements revealed the carrier of the remanence to be nearly pure magnetite in the pseudo-single-domain range.
INTRODUCTION
of the transitional field, and the models have improved as the quality and quantity of the records increase (e.g. Hillhouse & The geomagnetic polarity reversal is the most dynamic feature Cox 1976; Hoffman 1977; Williams et al. 1988) . of the Earth's magnetic field, and its detailed documentation
The long-lived dipolar nature of the geomagnetic field during is expected to yield useful ideas about the generation of the geomagnetic field. In modelling a reversal transition, we have polarity transitions has been discussed in the literature. Tric et al. (1991) pointed out the nearly dipolar geometry for the to start with a phenomenological model to describe the global character of the field, before constructing a theoretical dynamo.
reversal transitional field through the compilation of recent geomagnetic reversal records from sediments. Clement (1991) detailed records of the Brunhes/Matuyama polarity transition from the cores of ODP Leg 124 (Celebes and Sulu seas), which suggested the longitudinal confinement of VGP paths, through the Americas or through Asia and Australia, for the Brunhes/ have relatively high sedimentation rates. Matuyama polarity reversal from 21 records of sediments and volcanic rocks, and Laj et al. (1991) discussed the long-lived 2 SAMPLES preferred longitudinal bands of VGP paths in connection with the preference of seismic P-wave-velocity low and pole-ward 2.1 General description flow at the surface of the outer core. This led us to speculate that the long-lived states of the physical (thermal ) condition Advanced Piston Core (APC) samples from two sites of ODP Leg 124 were used to study the Brunhes/Matuyama polarity at the core-mantle boundary (CMB) controlled the VGP paths at the time of the geomagnetic field reversal.
transition. The two sites are Site 767 (water depth 4905 m, 4.79°N, 123.50°E) from the Celebes Sea, and Site 769 (water Valet et al. (1992) rejected the idea of preferred longitudinal bands as a result of a chi-square test on the data set from depth 3643 m, 8.79°N, 121.29°E) from the Sulu Sea (Fig. 1) . Sediments from Sections 767B-6H1 and 767B-6H2 were used for sediment and volcanic records younger than 12 Ma, although other statistical analyses on the VGP during polarity reversals the study; these sediments were deposited below the carbonate compensation depth (CCD) and consist of hemipelagic clayey suggested that the preference of the paths is acceptable (Laj et al. 1992; McFadden et al. 1993) . It was pointed out, however, silt with minor amounts of volcanogenic materials. Site 769 was drilled on a bathymetric high of the Cagayan ridge that that the preference of VGP longitude can also be explained by the preference of site longitudes and VGPs±90°away from was shallower than the CCD in order to avoid turbidite sedimentation. The sediments consists of pelagic to hemipelagic the sites (e.g. McFadden et al. 1993) . The VGPs 90°away from the sites can be understood by the inclination shallowing marl with nannofossils and foraminifers. Samples from Holes 769 A (Sections 769 A-7H4 and 769 A-7H5) and 769B (Sections under conditions of low geomagnetic field intensity (Barton & McFadden 1996) . Quidelleur et al. (1995) conducted sediment 769B-7H6 and 769B-7H7) of Site 769, situated about 100 m apart, were used for this study. The sediments from Sites 767 deposition experiments under a controlled magnetic field and found an increase in the degree of inclination shallowing with and 769 are slightly or highly bioturbated, but no sediment deformation could be recognized (Rangin et al. 1990 ). decreasing field intensity.
The clustering of transitional VGPs over western Australia and the southern part of South America has been reported for 2.2 Magnetic mineralogy recent reversals from volcanic rock records (Hoffman 1992) . These clusters can be correlated with the longitudinal bands Progressive thermal demagnetization experiments were performed on half of the discrete samples. Although the of sedimentary transitional records. Furthermore, Brown et al. (1994) reported a Brunhes/Matuyama transition record from demagnetization curves fluctuated somewhat, most of the magnetizations vanished below 580°C, suggesting magnetite as the the Chilean Andes, which showed clustering over Australia. On the other hand, Prévot & Camps (1993) compiled 400 predominant remanence carrier. The saturation remanences intermediate poles from 121 volcanic records of excursions and reversals younger than 16 Ma, and found no significant VGP clusters. They concluded that the idea of lowermost mantle control on the transitional fields should be rejected. Channell & Lehman (1997) presented detailed records of the Brunhes/Matuyama polarity transition from the two sites (Sites 983 and 984) of North Atlantic sediment drifts (ODP Leg 162) with very high sedimentation rates (12-14 cm kyr−1). They yielded a remarkable feature in the Brunhes/Matuyama polarity transition: a Pacific loop and northeast Asian and Australian clusters which are consistent among holes within those sites. Consequently, they suggested that the VGP clusters were not only a feature of volcanic records but were also to be found in sedimentary records of high deposition rate.
Before investigating the general features of the transitional field, it would be helpful to examine the morphology of the geomagnetic field at a single reversal. The Brunhes/Matuyama reversal is the best candidate for this purpose because it is the youngest full reversal that is easy to recognize in records obtained from all over the world. Recently, Love & Mazaud (1997) selected reliable records of the Brunhes/Matuyama polarity transition and constructed a database (MBD97). Although they have shown that we already have 11 reliable data sets, more transitional field records with global distribution are still needed to extract the characteristics of the transition, such as the presence or absence of preferred longitudinal bands (or clusters) of VGPs, and eventually to throw more light on the geodynamo process. In this paper, we present at low temperatures were measured on two bulk samples, (Fig. 2b) according to Day, Fuller & Schmidt (1977) . H cr /H c ranges from 3 to 4, while J rs /J s ranges from 0.1 to 0.15, values 767B-6H2, 4-6 cm and 769B-7H7, 38-40 cm, using a superconducting susceptometer (Quantum Design; 1T-MPMS). A DC that are within the range of a pseudo-single-domain (PSD) state. This indicates that the magnetic minerals are composed magnetic field of 1 T was imparted at 5 K, and the remanent magnetization was measured in zero field during the warming of large PSD grains or a mixture of SD-PSD grains and MD grains of nearly pure magnetite. stage from 5 to 300 K (Fig. 2a) . The Verwey transition could be seen on the warming curve of 767B at around 110 K, while Thermomagnetic analyses were performed on two bulk samples using a thermomagnetic balance at Kyoto University. the transition was highly suppressed for 769B. Ozdemir et al. (1993) have shown that, as the maghemitization proceeds,
The samples were heated up to 700°C and subsequently cooled down to the room temperature in an Ar atmosphere with a the Verwey transition temperature (T v ) is lowered with the transition becoming more suppressed.
DC magnetic field of 0.86 T at a rate of 8°C min−1 (Fig. 3) . Curie temperatures were calculated by fitting a quadratic Magnetic hysteresis parameters were measured on five bulk samples (one from Site 767 and four from Site 769) using the function to the data (Moskowitz 1981 (1977) .
from room temperature to 700°C and subsequently cooled down to room temperature in Ar gas with a DC magnetic field of 0.86 T at a These samples fall within the range of pseudo-single-domain (PSD) grains.
constant rate of 8°C min−1.
during heating (Fig. 3a, solid line) . The cooling curve shows an measured after 20 mT AF demagnetization at 5 mm intervals were used for the deconvolution. Other data were used to increase in magnetization with a Curie temperature of 560°C (Fig. 3a, dotted line) , which may represent reduction of titanoexamine the progressive change of magnetization with increasing demagnetization level. Orientations of cores were determined maghemite to magnetite and/or production of magnetite from the matrix of sediments. The sample 769B-7H7, 17-19 cm, using a multishot orientation tool and were compared with those obtained by adjusting average declinations of the stable shows a Curie temperature of 489°C and a second magnetic phase with a Curie temperature of 650°C upon heating ( Fig. 3b; polarity interval to the north (Table 1) . Orientations obtained from the multishot orientation tool for Holes 769 A and 769B solid line). The cooling curve shows an increase in magnetization with a Curie temperature of 550°C (Fig. 3b, dotted are in good agreement with those obtained by averaging non-transitional declinations. For Hole 767B, however, these lines). The second phase during heating may have been produced by the break-down of titanomaghemite to titanohematite two kinds of orientations are completely different, with nearly opposite directions. This indicates that the multishot tool which was subsequently reduced to magnetite by heating up to 700°C. The Curie temperature and the Verwey transition may have been placed on the sinker bar assembly backwards, as was discovered to be the case at ODP Site 835 (Parson temperature of the samples indicate that the magnetic mineral is magnetite with a minor amount of titanium substitution et al. 1992) . The output of the magnetometer by the pass-through and/or suffering from low-temperature oxidation, possibly indicating a higher oxidation state of 769B than of 767B. measurements on long-core samples represents convolution of magnetization by the sensor response function. Thus deconvolution is needed to obtain detailed variations from the 3 MEASUREMENTS smoothly changing output of the magnetometer. The ABIC minimizing deconvolution was developed to be suitable for the 3.1 Measurements of long-core samples and ODP measurement system by Oda & Shibuya (1996) . This deconvolution scheme was applied successfully to the pass-through data for Holes 769 A and 769B at 5-mm intervals after AFD at 20 mT, Measurements of remanent magnetization and magnetic susceptibility on-board followed the standard procedure of whereas for Hole 767B the results were noisy. In order to reduce the disturbance by rust contamination at the top core ODP. Following the recovery of 9.5 m long APC samples (33 mm in radius) on-board the Joides Resolution, each core and a sharp intensity peak due to a microtektite layer, an improved deconvolution scheme was developed and used for was cut into sections 1.5 m long. Initial magnetic susceptibility measurements were carried out on whole-core sections using Hole 767B by Oda & Shibuya (1998) , in which the deconvolution was conducted separately on each core section instead a Bartington Instrument magnetic susceptibility meter (model M.S.1) with an M.S.1/CX 80 mm whole-core sensor loop of combining two adjacent sections. set at 0.47 kHz in the low-sensitivity mode at intervals of 10 cm. Following the magnetic susceptibility measurements, 3.2 Measurements of discrete samples the whole-core samples were split into working and archive halves. Archive halves were subjected to pass-through measureDiscrete samples (2.1 cm×2.1 cm×1.4 cm) were collected at intervals of approximately 5 cm from working halves of the ments using a cryogenic superconducting magnetometer (SRM) made by 2G Enterprises (SRM model 760R) on-board APC samples. Initial magnetic susceptibility was first measured using a Bartington Instruments magnetic susceptibility meter the Joides Resolution. The diameter of the pick-up coil (Z-axis) was 12.5 cm and the half-width of the response function was (model M.S.2) at Kyoto University in the low-frequency mode (0.47 kHz). Remanent magnetizations were measured about 11 cm (Oda & Shibuya 1996) . An AF demagnetizer (Model 2G600) capable of AF fields up to 25 mT on three using a cryogenic magnetometer (ScT C-112), again at Kyoto University. The discrete samples were in general subjected axes was in line with the cryogenic SRM.
Initial pass-through measurements of magnetizations were to PAFD (progressive alternating field demagnetization) and PThD (progressive thermal demagnetization) alternately. undertaken on APC samples at intervals of 10 cm for Holes 767B, 769 A and 769B at several demagnetization steps within PAFD was conducted using a demagnetizer with a 3-axes tumbler in 6 to 13 steps up to a maximum of 60 mT. PThD 12 hr of coring (Table 1) . Subsequently, pass-through measurements were made at 5 mm intervals at 1-3 demagnetization was conducted in a magnetic-field-free furnace with temperatures up to 610°C in 13 to 18 steps. The residual magnetic steps up to 20 mT for cores of Holes 767B, 769 A, and 769B within 45 days of coring (Table 1) . The pass-through data field intensity within the furnace was less than 10 nT. 50 mA m−1. Typical examples of vector endpoint diagrams for 4 RESULTS the discrete samples and pass-through measurements are shown in Fig. 4 . For Hole 767B, examples of non-transitional 4.1 Palaeomagnetic directions samples from nearly the same horizon are shown for ThD ( Fig. 4a ) and AFD ( Fig. 4b ) of discrete samples and for AFD Our measurements were taken at 5 cm intervals on discrete samples from 767B and 769B, which is at a higher resolution of pass-through measurement (Fig. 4c ). In general, lowtemperature viscous remanent magnetizations (VRMs) were than the measurements by Schneider et al. (1992) The italic numerals without underlines are the demagnetization levels measured at 10 cm intervals as shipboard routine measurements, whereas those with underlines denote measurements at 5 mm intervals after the routine measurements. There may be an overlap of the demagnetization level between 10 cm and 5 mm interval measurements. The direction is corrected for the rotation of the core relative to true north. similar patterns; however, they do not converge towards the The deconvolved data show more detailed variations in magnetization (horizontal bars) than the raw magnetic moment origin. The pass-through measurements from the same horizon ( Fig. 4f ) have a different curve from those for discrete samples, variations ( broken lines). Palaeomagnetic directions from discrete samples are plotted for Holes 767B and 769B in Figs 5 which may partly be due to the complicated change of magnetization within the sensor response region. Although PThD and 7 for comparison, while for Hole 769A palaeomagnetic directions given by Schneider et al. (1992) are plotted on Fig. 6 . results for transitional samples show an unstable nature, in particular from 150°C to 225°C, ThD up to 400°C and AFD In general, the magnetizations from discrete samples agree with pass-through results after deconvolution. For Hole 767B, up to 20 mT were clear enough to reveal the primary directions. The transitional samples for Hole 767B show a similar pattern the transition zone is characterized by a reduction in intensity of magnetization at 48.25-48.75 mbsf following a swing in to those for Hole 769B. The palaeomagnetic directions of discrete samples at these levels are listed in Table 2 , together with declination at 48.71 mbsf. The declination shows a sharp change of the polarity at 48.7 mbsf, followed by an intermediate intensities, VGP positions and volume magnetic susceptibility.
The magnetizations after the deconvolution are plotted for direction of about 30°E at 48.5-48.7 mbsf, and finally settles to the axial dipole position. The inclination gradually decreases Sections 767B-6H1 and 2 (Fig. 5) , Sections 769A-7H4 and 5 (Fig. 6) and Sections 769B-7H6 and 7 (Fig. 7) against depth. from about 0°just above the reversal to −45°at 48.45 mbsf, The magnetization directions at 20 mT (400°C) were taken as characteristic directions for AFD (ThD). AFD (ThD) in Demag column means alternating field demagnetization (thermal demagnetization). Orientations were corrected according to the average declination of non-transitional field directions.
and then becomes shallower and gradually changes to positive 62.25 and 61.75 mbsf, respectively. Both show a subsequent intermediate direction slightly deflected to the east. The inclination value at 48 mbsf. The low intensity of magnetization leads to the large errors in declination and inclination after deconshows an initial steep negative value at the reversal boundary, then swings back to positive values and finally settles at a volution. Susceptibility is fairly constant for this interval, and approximately doubles at 47.2 mbsf. The palaeomagnetic low value. results from Holes 769A and 769B are shown in Figs 6 and 7, respectively. The magnetizations from discrete samples and 4.2 The possibility of coring-induced remagnetization pass-through results after deconvolution agree with each other, except for a small number of discrete samples. Palaeomagnetic
Coring-induced remagnetization of sediment was reported from some ODP sites. Based on the detailed investigation directions from Holes 769A and 769B including transitional directions show a fairly consistent record with each other.
of Brunhes/Matuyama records from Holes 953A and 954A of ODP Leg 157, Herr et al. (1998) claimed that the transitional Declinations from Holes 769 A and 769B show a sharp swing at palaeomagnetic directions may have suffered from coringand inclinations for the stable directions of normal and reversed polarity interval agree with each other within 95 per cent induced remagnetization, which distorts the magnetization steeply downwards and radially inwards towards the core.
confidence limit for Holes 767B, 769A and 769B. The mean inclination of normal polarity for Hole 769A is Furthermore, Heider et al. (2000) pointed out that the presence of coring-induced magnetizations (steep downwards and radial 4.7±10.0° (Table 3) , which is significantly lower than the expected inclination for a geocentric axial dipole at the site components) will distort the VGP paths for transitional fields obtained from ODP material based on the Brunhes/Matuyama (15.3°). There is also a slight offset in the inclinations of our pass-through results from those of discrete samples by records from ODP Leg 167. In the present analysis, we shall demonstrate that the effect of coring-induced remagnetization Schneider et al. (1992) for the direction during the Brunhes (Fig. 5) . It may be that the normal-polarity directions are is negligible for Sites 767 and 769.
A steep downward direction is not recognized in the slightly contaminated by a component with negative inclination which may be related to coring. In general, however, removal Zijderveld plots of pass-through measurements for Holes 767B, 769A and 769B (Fig. 4) . The overprint component was easily of the present field overprint at 10 mT and the lack of clear evidence for coring-induced magnetization validate the utility removed at 10 mT, and the components removed for Hole 769B do not point radially inwards but towards the magnetic field of pass-through data at 20 mT after deconvolution. direction in the Brunhes (Fig. 8a) . The magnetization directions of the archive half-cores at 20 mT after deconvolution show 5 DISCUSSION an antipodal distribution (Fig. 8b) . For Holes 767B and 769A, the directions of overprint components and components at 5.1 Age control 20 mT are nearly the same as for Hole 769B. Mean directions after deconvolution at 20 mT demagnetization for Holes 767B, Bassinot et al. (1994) proposed a revised oxygen isotope stack for low latitudes from deep-sea sediments of core MD900963 and 769A and 769B are listed in Table 3 . The mean declinations Figure 6 . Declination, inclination, intensity of magnetization, and volume magnetic susceptibility versus depth for Sections 769A-7H4 and 769A-7H5. Broken lines represent magnetizations of pass-through measurement at 20 mT before deconvolution, and horizontal bars represent the magnetizations after deconvolution. The length of each bar represents the 95 per cent confidence limit. Open circles represent remanent magnetizations for discrete samples after 20 mT AFD measured by Schneider et al. (1992) . The vertical dash-dotted lines are the expected declinations and inclinations for axial dipole directions at the site for normal and reversed polarities.
ODP Site 677. They used precession signals from the oxygen the age for Hole 769A by matching the oxygen isotope data of Linsley & von Breymann (1991) with the low-latitude stack isotope records to fine tune with the ice-volume model (Imbrie & Imbrie 1980) forced by the 65°N July monthly insolation of Bassinot et al. (1994) . Fig. 9(a) shows the oxygen isotope record obtained by Linsley & von Breymann (1991) (symbols value of Berger & Loutre (1991) . Oxygen isotope records for Hole 769A were obtained from planktonic foraminifera connected with dotted lines), with the Brunhes/Matuyama polarity boundary shown by a horizontal line. Solid circles are Globigerinoides ruber by Linsley & von Breymann (1991) , and these records also show a clear precession signal. We estimated the data points used for correlation with oxygen isotope stages Fig. 9a ) to the ice-volume curve and interpolating the Brunhes/ The age of each oxygen isotope stage was taken from Bassinot et al. (1994) , and the depth versus age for each stage is plotted in Matuyama boundary. Considering the general smooth trend ( Fig. 9a ; solid line), it seems more reasonable to select the data Fig. 9(c) . Linear regression lines were drawn by fitting the data points from stages 17.3 to 18.3 and from 18.3 to 20.2 with slopes point at 59.60 mbsf (solid circle marked as 18.4) than to select the data point at 60.81 mbsf (the upper open triangle in Fig. 9a ) corresponding to sedimentation rates of 5.1±0.5 cm kyr−1 and 10.1±0.6 cm kyr−1, respectively. The decrease in the as a matching point to isotopic stage 18.4 because the wiggle (triangle) is too small to be seen after smoothing. For isotopic sedimentation rate after isotopic stage 18.4 can be attributed to the reduced sedimentation during the glacial (ice build-up) stage 20.2, the peak of the smoothed curve is better represented by the solid circle at 63.60 mbsf marked as 20.2 than by the period compared with that of the postglacial (ice melting) period. Thus the average sedimentation rate for the measurement lower open triangle at 63.20 mbsf. However, the estimated age for the Brunhes/Matuyama polarity transition of Hole 769A interval is 10.1±0.6 cm kyr−1, and the age of the Brunhes/ Matuyama transition for this site (62.25±0.01 mbsf ) is calcu-(778.9 ka) is within the limit of error of the age estimate of 778±2 ka by Tauxe et al. (1996) . Thus only the sedimentation lated to be 778.9 ka, with an accuracy of about 1 ka according to the accuracy of the isotopic event (Bassinot et al. 1994) . rate estimates are affected by the difference in the recognition of oxygen isotopic stages between Tauxe et al. (1996) and Similarly, the age of the Australasian microtektite peak layer reported by Schneider et al. (1992) from 63.31 mbsf of Hole ourselves. Schneider et al. (1992) estimated the sedimentation rate 769A is estimated as 789.5 ka.
Recently, Tauxe et al. (1996) estimated the age of the at Site 769 as 11±1 cm kyr−1 according to the NN20/NN19 boundary and Brunhes/Matuyama boundary (9 cm kyr−1), and Brunhes/Matuyama boundary as 778.0±1.7 ka by combining 19 oxygen isotope data from deep-sea sediments and Brunhes/Matuyama boundary and upper Jaramillo transition (10 cm kyr−1), incorporating the estimated 14 per cent 10 40Ar/39Ar data from transitional lava flows. They used the oxygen isotope record from Hole 769A as one of the data sources expansion of the composite section. Later, Linsley & Dunbar (1994) pointed out a large depth offset of 0.90 m between to determine the age of the Brunhes/Matuyama boundary.
then constructed an age model of Site 769 based on the composite depth, with age-control points of AMS radiocarbon ages and major oxygen isotopic events. The sedimentation rate between Stage 17 (690 ka) and the Brunhes/Matuyama boundary (780 ka) is estimated to be 7.7 cm kyr−1, and that between the Brunhes/Matuyama boundary and Stage 20 (795 ka) is 4.7 cm kyr−1. Their estimation of sedimentation rate spanning the Brunhes/Matuyama transition is based on the oxygen isotope records of Linsley & von Breymann (1991) and Linsley & Dunbar (1994) tuned to the astronomical timescale by Tiedemann et al. (1994) . Our age model for the single section 769A-7H (55.9-65.4 mbsf ), including the Brunhes/Matuyama polarity transition, is considered to be more precise as it includes the precessional signal (Bassinot et al. 1994) which is finer than the timescale of Tiedemann et al. (1994) .
A recent paper by Singer & Pringle (1996) obtained 40Ar/39Ar isochron ages from volcanic rocks and showed the age of the Brunhes/Matuyama boundary to be 778.7±1.9 ka. Our age estimate for the Brunhes/Matuyama polarity transition, 778.9±1 ka, is very close to this estimate. Our estimate may, however, include a time lag as a result of the sediment lock-in mechanism, and furthermore there may be a discrepancy due to the difference in the timings of equator crossings from site to site.
Correlation between holes and sites
The record of Hole 769B correlates well with that of Hole 769A in terms of the magnetic susceptibility profile according to five characteristic points such as spiky maxima or bending points. These characteristic points form a straight line with a slope of 0.97±0.02 (1s), indicating homogeneous sedimentation at Site 769. The slope of 0.97 corresponds to a sedimentation rate of 9.8 cm kyr−1 for Hole 769B, calculated from the sedimentation rate of 10.1±0.6 cm kyr−1 estimated above for Hole 769A.
Owing to the different sedimentological environments at Site 767 in the Celebes Sea ( below the CCD) and Site 769 in the Sulu Sea (above the CCD, topographic high), separated by about 500 km distance, precise correlations by magnetic biostratigraphic horizon by Berggren et al. (1995) is 460 ka. By assuming an average sedimentation rate for Hole 767B between NN20/NN19 and the microtektite layer, a sediSections 769A-3H and 769A-4H by comparing the oxygen isotopic data of Hole 769A with the SPECMAP curve commentation rate of about 8.4 cm kyr−1 can be estimated for Hole 767B. bined with the matching of GRAPE and magnetic susceptibility data from Holes 769A and 769B. An alternative composite depth model of Site 769 was proposed by Schneider & Mello 5.3 VGP latitude and relative intensity (1996) by precise matching of the magnetic susceptibility of Holes 769A and 769B. They estimated many offsets between
The VGP latitude and relative intensity of Holes 767B, 769A and 769B have been calculated and plotted against age in Figs sections, and a total of 6.0 m depth offset was concluded for Section 769 A-7H, which gives an approximate sedimentation 10(a) and ( b). The relative intensity at 5 mm intervals was calculated by dividing the magnetization intensity at 20 mT rate of 10 cm kyr−1 for the Brunhes Chron. These authors Figure 9 . Oxygen isotope record for Hole 769A and determination of age by astronomical calibration. (a) The oxygen isotope record (Linsley & von Breymann 1991) is plotted as symbols connected by dotted lines. Solid circles are the data points used as matching points for the oxygen isotope standard curve, with the isotopic stage names. Open triangles are the matching points used by Tauxe et al. (1996) for stages 18.4 (upper) and 20.2 (lower). The solid curve is produced by smoothing the raw data, and the horizontal line marks the stratigraphic horizon of the Brunhes/ Matuyama boundary (62.25 mbsf ). (b) Low-latitude stack used as a target curve for the astronomical age calibration of Hole 769A by Bassinot et al. (1994) , generated from the oxygen isotope records MD900963 and ODP Site 677 (solid curve, bottom scale). Isotopic variations are in standard deviation units around a zero mean, and stage names (underlined) are labelled according to Bassinot et al. (1994) . The ice-volume variations calculated with the model developed by Imbrie & Imbrie (1980) and the 65°N, July monthly insolation curve of Berger & Loutre (1991) are shown by the dotted curve (top scale). (c) Plot of depth below sea floor versus age of the oxygen isotopic events used for correlation (solid circles). The isotopic events from 17.3 to 18.3, and from 18.3 to 20.2 form straight lines, indicating average sedimentation rates of 5.1±0.5 cm kyr−1 and 10.1±0.6 cm kyr−1, respectively. Open triangles correspond to the isotopic events 18.4 and 20.2 used as a set of matching points by Tauxe et al. (1996) . Stratigraphic horizons of the Brunhes/Matuyama polarity transition and microtektite layer (Schneider et al. 1992) are also shown as horizontal lines. after deconvolution by the susceptibility interpolated by cubic susceptibility and ARM at 10 cm intervals, which show similar patterns in general. The VGP latitude and the relative intensity spline functions. Schneider et al. (1992) also reported palaeomagnetic results from Holes 767B and 769A, and obtained for the three holes show quite similar patterns. At the Brunhes/ Matuyama boundary (779 ka), the relative intensity has a very the relative intensities normalized both by volume magnetic small value of about 0.5 for all holes (Fig. 10b) . The period of sudden decrease in relative intensity to less than 2 lasts about 1000 years (Fig. 10b) , which roughly corresponds to the equator crossing of the VGP ( VGP latitude between 60°S and 60°N). This is shorter than the estimate of 2 kyr made by Schneider et al. (1992) on the same holes but at measurement intervals of 10 cm. The relative intensity outside the weak period is mostly stable, with medium values between 2 and 20. This medium intensity period continues for 10 kyr between 775 ka and 785 ka, including the low intensity period mentioned above. The relative intensity changes gradually before and after the medium intensity period. Singer & Pringle (1996) estimated the upper limit for the duration of the Brunhes/Matuyama transitional directions to be~12 kyr from 40Ar/39Ar isochron ages measured on the volcanic rocks. The large difference between the result of this paper (1 kyr) and that of Singer & Pringle (1996) may arise from the fact that the volcanic rock record includes pre-and post-transitional directions such as those reported by Schneider et al. (1992) and Hartl & Tauxe (1996) .
An important feature of the Brunhes/Matuyama polarity transition can be clearly recognized in the plot of relative intensity versus VGP latitude (Fig. 10c) . The relative intensity is more than 10 at the stable reversed position (90°S-80°S), and decreases quickly down to 1 or less with a small swing in VGP latitude to about 70°S. The VGP shows an equator crossing with a relative intensity value of about 0.5, and then swings back to about 45°S and crosses the equator again, accompanied by a gradual increase in the relative intensity to a value of about 2. There is a cluster of VGP latitudes between 45°N and 80°N with relative intensity between 2 and 8. This corresponds to the period of medium relative intensity mentioned above which persisted for about 4000 years. Thereafter, the VGP latitude shifts to the distinctly different state of a stable normal position (80°N-90°N) , and the relative intensity increases to a value above 10. Clement & Kent (1986) reported detailed records of the Brunhes/Matuyama polarity transition from the North Atlantic (DSDP Hole 609B) measured on sliced specimens with a thickness of 5 mm. An average sedimentation rate can be estimated as 5.5 cm kyr−1, assuming a constant sedimentation rate from the top of the core to the Brunhes/Matuyama polarity transition (779 ka). The relative palaeointensity was calculated by dividing the magnetization intensity at 20 mT by the ARM (DC: 50 mT, AC: 120 mT) and plotted against VGP latitude (Fig. 11a) . The VGP latitude swings to 60°S away from the south pole, with a rapid decrease in relative intensity from 0.06 to <0.01, and then swings back to the south pole with an increase in relative intensity to 0.02-0.03. After that, the VGP latitude crosses the reinvestigated from the original record of Okada & Niitsuma (1989) The Boso Peninsula is similar in longitude and about 30°a fter unsmoothing of the fixing function by Tsunakawa et al. (1996) . north in latitude of our sites. Okada & Niitsuma (1989) Data points that they claim to be less reliable were omitted. rates and the same half fixing depth. Fig. 11( b) shows the plot of relative intensity versus VGP latitude calculated by these authors. The intervals of the data are about 10 years and normal polarity directions. Discrete samples which correspond to this portion ('a' and 'b' in Fig. 12a) do not show the same are based on their correlation of the oxygen isotope record with SPECMAP. The Brunhes/Matuyama reversal was initiated swing to the Arabian Peninsula. Furthermore, the equator crossing is not obvious in discrete sample records. The discrepancy by an increase in the relative intensity followed by an intensity decrease, and then the VGP crosses the equator with a loop may come from the coring-induced magnetization or distortion on the weakly magnetized transitional archive samples, or from and a cusp at the equator followed by a clustering of VGPs at about 75°N with relatively low intensity compared with the heterogeneous lock-in and smoothing of the transitional field within the cross-sections of the core. that during the equator crossing. The duration of the equator crossing of the Brunhes/Matuyama at the Boso Peninsula is
The VGP of Hole 769A (Fig. 12b) is different from that of Hole 767B. It swings from the south pole to the margin of estimated to be about 200 years. This is very short compared with our results, which may arise from an inaccurate age Antarctica, goes back to the south pole, swings to New Zealand, and finally crosses the equator. After that, the VGP estimation at the Boso Peninsula, a smoothing effect at our sites, or the difference in the duration of the directional reversal swings to the eastern end of Canada, back to the northeastern end of the Pacific, then gradually moves eastwards to the that was suggested by the simulation of the geomagnetic reversal (Glatzmaier & Roberts 1995) .
cluster over Canada, and finally settles at the north pole. Although the VGPs of discrete samples are not similar during There are several studies reporting the absolute palaeointensity from the Brunhes/Matuyama polarity transition.
the equator crossing (especially sample 'b'), the cluster over Canada is similar to the pass-through data. The VGP path for Fig. 11(c) is a plot of palaeointensity versus VGP latitude for the records from volcanic lavas of Tahiti (Chauvin et al. 1990) Hole 769B (Fig. 12c) shows a pattern fairly similar to that of Hole 769A. It swings from the south pole, making a small and the two sections at La Palma (Quidelleur & Valet 1996) . The pattern from the LL section of Quidelleur & Valet (1996) is loop around the southeast of New Zealand, moves to the central Pacific with another loop, and then crosses the equator. very similar to the records of this study and Hole 609B. The palaeointensity decreases quickly from 20-40 mT to 3-4 mT as After the equator crossing, it swings to the north Atlantic, goes to the northeastern end of the Pacific, gradually moves eastthe VGP swings from south to mid-southern latitudes, recovers to 8-10 mT during the swing back, and then the VGP crosses wards to the northern end of Canada, and finally goes to the north pole. The discrete samples show VGPs similar to those the equator. After the equator crossing, the VGP moves close to the north pole with a palaeointensity of 20-40 mT, and then of the pass-through data after deconvolution. The similarity of VGPs between Holes 769A and 769B strongly supports the moves back to the cluster at mid-low latitudes (10-40°N) with a palaeointensity of 7-15 mT. There is, however, a possibility idea that the VGP paths of Site 769 represent the real features of the geomagnetic field during the Brunhes/Matuyama that the cluster at mid-low latitudes may be quite distant from the Brunhes/Matuyama boundary in time, as mentioned by polarity transition. There is, however, a discrepancy between VGP paths from Site 769 and Site 767 in spite of the similarity Quidelleur & Valet (1996) .
The latitudinal band of VGPs over the mid-northern latiof the plots of relative intensity versus VGP latitude. This may arise from the distortion in the sediment recording process tudes with medium palaeointensity may indicate the presence of a metastable state of the geodynamo after the Brunhes/ of the transitional field caused by differences in the effect of smoothing and/or irregularity of the sedimentation from site Matuyama polarity transition lasting for about 4000 years. The similarity of relative intensity versus VGP latitude for the to site. The VGP path of the Brunhes/Matuyama transition from records from the above-mentioned sites at several longitudes indicate that the transitional field behaviour might be conthe Boso Peninsula calculated by Tsunakawa et al. (1996) shows several small swings northwards and a large swing trolled by a change in the zonal components. It is very interesting that the volcanic records of reversals and excursions northeast to the central Pacific from the south pole. It then drifts along the equator to Indonesia, goes to the north pole, over the last 20 Myr show latitudinal clustering of VGPs around 30-60°N (Love 1998). This is possibly one of the and then moves to the north of Siberia. Although the VGP paths are not similar in detail, the swing to the central Pacific may important features of the geomagnetic field during geomagnetic reversals, although the physical process is unclear.
be correlated with the loop around New Zealand (Hole 769A) and around the equator (Hole 769B) in this study. The VGP path for the Brunhes/Matuyama transition from DSDP
VGP paths
Hole 609B (Clement & Kent 1986) crosses the equator over the Americas and shows a rebound to the north Pacific VGP paths for Holes 767B, 769A and 769B are plotted in Figs  12(a) ( b) , and (c), respectively. VGP paths of pass-through after the equator crossing. It then goes northwards and moves from the northernmost Pacific to north central Asia and to data after deconvolution are shown as solid circles, with 95 per cent confidence ellipsoids as broken lines for selected VGPs.
the north Atlantic over the site. The reversal sequence at Hole 609B is dissimilar to that of this study. VGPs for discrete samples after AFD at 20 mT and ThD at 400°C are also shown for comparison. For Hole 769A, the Recently, Channell & Lehman (1997) reported Brunhes/ Matuyama transition records from ODP Sites 983 and 984 palaeomagnetic results of discrete samples from Schneider et al. (1992) were used.
close to Hole 609B, both with high sedimentation rates of 12-14 cm kyr−1. The VGP paths from these sites show quite For Hole 767B (Fig. 12a) , the VGPs move from the stable reversed polarity position to the Arabian Peninsula through similar patterns, and the paths increase in complexity with increasing sedimentation rate. These authors suggested one the Indian Ocean, go back to south of New Zealand, cross the equator, swing back to northwest of the United States, and loop over the Pacific and two clusters over northeastern Asia and the south Atlantic as real features of the geomagnetic field then remain over Alaska and northwestern Canada. After that, the VGPs shift to eastern Canada and move to the stable at the sites. These may be correlated with the Pacific loop, the eastward swing to the northwestern Atlantic and the swing 1990; Quidelleur & Valet 1994) . Hyodo (1984) proposed an back to the northeastern margin of the Pacific of this study, exponential fixing function for the lock-in process of the magrespectively. Hoffman (1992) suggested that the VGP paths netization. The fixing depth at which half of the magnetization for several transitions from volcanic rocks show two clusters is fixed was defined as the half-fixing-depth (HFD). As the over South America and Australia. The Brunhes/Matuyama HFD increases, the horizons of remanent magnetization are transition records from Tahiti (Chauvin et al. 1990 ) and Chile offset down-core and the higher-frequency fluctuations are (Brown et al. 1994) show a cluster over Australia, and the LL smeared out. A HFD of 16 cm was estimated by deMenocal section from La Palma (Quidelleur & Valet 1996 ) shows a et al. (1990 and used by Schneider et al. (1992) for Holes VGP cluster east of India. As Channell & Lehman (1997) have 767B and 769B. With a wavelength of about 10 cm for the pointed out, the differences in the VGP paths for the sediments fluctuations in our palaeomagnetic records after deconvolution from nearby sites with different sedimentation rates might be (Figs 5, 6 and 7), a maximum HFD of a few centimetres is the effect of sediment smoothing on the rapidly changing geoestimated (Hyodo 1984; Fig. 8) . The estimate of the HFD of magnetic field with several stop positions of the VGP showing a few centimetres is consistent with that of Tauxe et al. (1996) . up as clusters or loops. The presence of different VGP loops, As the offset of a few centimetres is small compared with the cusps or clusters from site to site for the Brunhes/Matuyama entire timescale, the stratigraphic depths were not corrected polarity transition may be caused not only by the sediment for the lock-in depth of magnetization. smoothing but also by the rapidly drifting non-dipole field
The possibility of inclination shallowing was claimed, generated by convection cells, which stopped several times due especially for the weak geomagnetic field condition during to the coupling at the core-mantle boundary.
polarity transitions, and VGP paths ±90°away from the sites were suggested (McFadden et al. 1993) . Barton & McFadden 5.5 Sediment artefacts (1996) demonstrated the distortion of the VGP paths observed at various site latitudes assuming that the degree of inclination The effect of sediment smoothing on the polarity transition records has been discussed by many researchers (e.g. Rochette shallowing increases with decreasing geomagnetic field intensity. The field dependence of inclination shallowing is to be expected the Joides Resolution. The palaeomagnetic results had a 2 cm maximum spatial resolution, and the stability of remanence (Quidelleur et al. 1995) because the decrease in magnetic field strength leads to a decrease in the magnetic torque on was confirmed by comparison with the discrete sample measurements and the internal consistency between Holes 769 A and elongated magnetic grains, and hence the mechanical torque by compaction becomes relatively larger and the inclination 769B. Tests for coring-induced remanence, sediment smoothing and inclination shallowing supported the idea that the magshallowing is strengthened.
In order to check for the possibility of inclination shallowing, netization was primary in general. The results demonstrate the suitability of pass-through measurements on APC half-core VGP paths were compared with the VGP corresponding to the zero-inclination line (open diamonds in Fig. 12a, b and c) .
sediment samples of the ODP to be used for a detailed study of geomagnetic field variations, provided that the coringThe VGP occasionally lies on the zero-inclination line; however, the swing of 769A and 769B records over the northwestern induced remanence is removed properly. The use of a 2G magnetometer with a higher resolution (~4 cm) pick-up coil Atlantic just after the reversal is far away from the horizontal directions. For Hole 769B (Fig. 12c) , the horizontal directions (model 755R) on u-channels combined with the ABIC minimizing deconvolution will enable us to recover the magnetization with (diamonds) are very close to the VGP paths during the transition. There may be a possibility that the transitional a spatial resolution of a maximum of about 1 cm. Rock-magnetic analyses revealed that the magnetic mineral directions, especially before and during equator crossings, suffer from inclination shallowing; however, the post-transitional carrying the remanence was nearly pure magnetite and that the magnetic grains were pseudo-single-domain in size. The age of directions are not affected by inclination shallowing.
the Brunhes/Matuyama polarity transition was estimated to be 779±1 ka by tuning the oxygen isotopic records (Linsley & von Breymann 1991) with the ice model of Imbrie & Imbrie 6 CONCLUSIONS (1980) , and the sedimentation rate at Site 769 was estimated to be 10 cm kyr−1. The sedimentation rate for Site 767 was ABIC minimization deconvolution (Oda & Shibuya 1996 was applied to the Brunhes/Matuyama polarity transition estimated to be about 8.4 cm kyr−1, assuming a constant sedimentation rate between the microtektite layer (789.5 ka) and records of ODP Leg 124 for Holes 767B (Celebes Sea), 769A and 769B (Sulu Sea) measured at 5 mm intervals on-board NN20/NN19 (460 ka). 
